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Abstract
It is shown that the anomalous sharp increasing of the strength of the near-side ridge structures observed in Au-
Au collisions at
 
s   62 GeV and
 
s   200 GeV and the onset of the ridge structure in pPb and in pp collisions
can be naturally explained in the framework of string percolation. In all the cases the near-side strength reﬂects the
collision area covered by the strings stretched between the colliding objects and therefore it is related to the shape
of their proﬁle functions. The dependence of the pseudorapidty and azimuthal widths on multiplicty and energy is
qualitatively explained.
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1. Introduction
Correlations between pairs of hadrons that are col-
limated in their relative azimuthal angle and are long
range in relative rapidity were observed in heavy ion
collisions at RHIC energies [1, 2, 3, 4, 5, 6] and later
at LHC energies [7]. These ridge-like correlations have
also been seen in proton-proton collisions at
 
s   7
TeV for high multiplicity events [8]. More recently, a
sizable ridge has been seen in p-Pb collisions at
 
s  
5.02 TeV [9, 10, 11, 12, 13]. Much attention has been
paid to understand whether these structures are due to
initial state or to ﬁnal state eects that are amenable to
a hydrodynamic description [14, 15, 16, 17, 18, 19, 20,
21, 22, 23, 24, 25, 26, 27].
The origin of long range rapidity correlations is sim-
ilar in heavy ion and proton-proton collisions and it is
explained, in the glasma picture of the Color Glass Con-
densate (CGC), due to the saturation of color ﬂux tubes
correlated in the transverse space with a length 1Qs de-
termined by the saturation momentum Qs [18, 19, 20,
21, 22, 23, 24]. On the contrary, not much attention has
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been paid to the onset of the ridge structure. In pp col-
lisions at
 
s   7 TeV the structure is only observed for
Nch   110 and in pPb collisions at
 
s   5.02 TeV for
Nch  50. Moreover, in Au-Au collisions at
 
s   200
GeV and
 
s   62 GeV an anomalous centrality depen-
dence of the correlation is observed: the strength of the
near-side ridge as a function of multiplicity presents a
change on the behavior of the slope for Nch   120 and
Nch   130 respectively [28].
In this paper, we show that all these features can be
understood in the framework of percolation of strings.
As the number of strings formed in a collision reaches
an universal critical density, a macroscopic cluster of
strings appears covering around 23 of the total colli-
sion area [29]. As the density approaches the critical
value the ridge structure begins to unfold. The depen-
dence of the strength of the near-side ridge on the mul-
tiplicity in a given collision reﬂects the fraction of the
collision area covered by strings which is related to the
proﬁle function of the colliding objects.
2. The near-side ridge in the string percolation
model
In the string percolation model, multiparticle pro-
duction is described in terms of color strings stretched
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among the partons of the projectile and the target. These
strings decay into new ones by q   q¯ and qq   q¯q¯ pair
production and subsequently hadronize producing the
observed hadrons. Due to conﬁnement, the color of
these strings is conﬁned to a small area in the transverse
space, S 1    r20, with r0  0.2 fm. With increasing en-
ergy andor atomic number of the colliding particles, the
number of strings grows and they start to overlap form-
ing clusters, very similar to discs in two-dimensional
percolation theory. Deﬁning the density of strings as
   Ns S 1S A , where S A is the collision area and Ns the
number of strings, at a critical density c   1.2-1.5 a
macroscopical cluster appears, which marks the perco-
lation phase transition. The value of c varies between
1.2 and 1.5 depending on the proﬁle used (1.2 in the
homogeneous case and 1.5 for the Gaussian or Wood-
Saxon type) [30].
A cluster of n strings behaves as a single string with
energy-momentum corresponding to the sum of the in-
dividual ones and with a higher color ﬁeld correspond-
ing to the vectorial sum in color space of the color ﬁelds
of the individual strings. Due to the randomness of the
color ﬁeld, the strength of the resulting color ﬁeld is not
n times the strength of the individual color ﬁeld but

n.
Due to this fact, the multiplicity and transverse momen-
tum of the clusters are given by [31, 32]:
n  
 
n
S n
S 1
1 p2T n  
 
n
S 1
S n
p2T 1 (1)
where 1 and p2T 1 are, respectively, the multiplicity
and the p2T of the particles produced by a single string
and S n is the area covered by n strings. In the high den-
sity limit the formula (1) can be written as [31]:
n   NsF()1 p2T n   p2T 1F() (2)
where
F()  

1   e  

 (3)
Assuming a homogeneus proﬁle for the collision
area, the distribution of the overlapping of n strings is
Poissonian with a mean value , Pn  
 n
n! e
  . Hence, in
(3), 1 e  is the fraction of the area covered by strings. A
more realistic proﬁle implies a modiﬁcation of the area
covered by strings in formula (3).
The area covered by clusters divided by the area of an
eective cluster gives the eective average number N
of clusters
N   (1   e
  )R2
r20F()
 

1   e   

R
r0
2
 (4)
Each one of these clusters N contains NsN  
1F() strings. Therefore, these eective clusters have
a rapidity length
ﬀyN   y1   ln F()   y1  ln
 

1   e    (5)
where y1 is the rapidity length of one string. In most
strings models [33, 34, 35, 36, 37], the main contribu-
tion to the multiplicity comes from strings stretched be-
tween sea quarks and antiquarks being proportional to
the dierence between the number of collisions and the
number of participants. Consequently, summing the en-
ergy of these strings, we have as a good approximation
for y1
y1   c

1   NA
NC

ln

s
s0

 (6)
The normalized two-particle correlation function can
be written in the two step scenario [31, 32] as the nor-
malized ﬂuctuation in the number of eective strings
  n
2   n2   n
n2  
N2   N2
N2  
1
k
 (7)
where n is the multiplicity of the produced particles.
If the particle distribution is a negative binomial, as
in the case of string percolation, with parameter KNB
then k   KNB. In the low density regime,  small, the
multiplicity distribution is essentially Poisson-like and
therefore k  	. In the large density limit, assuming
that the N eective clusters behave like a single one,
N2   N2 
 N, then k  N  	 [32, 38]. At in-
termediate string density, k must have a minimum close
to the critical string density. A parametrization of k sat-
isfying the above requirements is [26]
k  

 (Rr0)2
1   e    
N
(1   e  )32
 (8)
The two particle correlations can be written as [18]

re f
  dn
dy
G(ﬃ) (9)
where G(ﬃ) describes the azimuthal dependence. The
centrality dependence is encoded in  dndy . As usual, in
equation (9),  is the dierence between the pair dis-
tribution and the uncorralated pair distribution re f ob-
tained from mixed events.
From equations (4), (6), (7) and (8) we deduce that
the strength of the near-side ridge structure, A1, is pro-
portional to
dn
dy
 
N
k
 

1   e  32  (10)
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From equations (5) and (6), the width of the pseudo-
rapidity near-side ridge is given by
ﬀ y   c
 
1  
NA
NC

ln
s
s0
 ln


1   e  
 (11)
As previously mentioned, the factor 1   e   repre-
senting the fraction of the collision surface covered by
strings was obtained in the high density limit and as-
suming a homogeneous proﬁle [31]. For more realis-
tic proﬁles, this shape is modiﬁed. For Gaussian and
Wood-Saxon proﬁles, the critical percolation density is
not 1.2 but 1.5 and the fraction of the collision area cov-
ered by strings is more similar to [30]
A()  
1
1  ae (   c)b
 (12)
where c  1.5. The parameter b controls the ratio be-
tween the edge (2R) over the total surface (R2) and
therefore is proportional to the inverse of the radius.
3. Comparison with experimental data (RHIC,
LHC)
In order to compare with the experimental data on the
strength of the near-side ridge we use equation (12), ﬁt-
ting the expression A1   cA()13 to the data on Au-Au
collisions at

s   200 GeV and

s   62 GeV and pPb
and pp collisions at

s   5.02 TeV and

s   7 TeV re-
spectively. To do this we need to know the values of .
They are taken from a previous study in the framework
of string percolation of dNdy at SPS, RHIC and LHC
energies for pp and AA at dierent centralities [39, 40].
In the case of pp and pPb to compute  we use the colli-
sion area of references [24] and [25]. The values of  for
Au-Au collisions at

s   200 GeV for the dierent cen-
tralities are in the range 0.6-3.0. For pPb at

s   5.02
TeV the values of  are between 0.8-2.3 corresponding
to Nch   50 and to Nch   330, respectively, and for pp at
s   7 TeV the values are in the range 0.25-0.7, corre-
sponding to Nch   18 (minumum bias) and Nch   110,
respectively. In high multiplicity pp collisions at LHC
the values of  are close to the values obtained in periph-
eral Cu-Cu collisions at RHIC energies, where a ridge
structure was observed. This fact, was the main reason
to predict [16] the near-side ridge later observed. An
example of the dependence of  on centrality is shown
in Fig. 1 for Au-Au collisions at

s   200 GeV.
In Fig. 2 we show our results on the strength, A1, of
the near-side ridge as a function of the charged particles
for Au-Au collisions at

s   200 GeV and

s   62
GeV. The values of the parameters obtained are a   1.5
Figure 1: (Color online.) String density   plotted as a function of Nch
for Au-Au collisions at
 
s   200 GeV.
Figure 2: (Color online.) Comparison between our results on the
strength of the near-side ridge for Au-Au collisions at two RHIC en-
ergies
 
s   200 GeV (red line) and
 
s   62 GeV (blue line) with
experimental data [28] in terms of Nch.
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Figure 3: (Color online.) Comparison between our results on the
strength of the near-side ridge for pp collisions at
 
s   7 TeV (blue
line) and pPb collisions
 
s   5.02 TeV (red line) with experimantal
data [9] versus Nch.
and b   0.75. In Fig. 3 we show our results for pPb and
pp. In this case, the parameters are a   1.5 and b   0.35.
We obseve that the value of b in the pPb and pp case is
much smaller than in the case of Au-Au collisions as it
was expected. Notice that the string density in pPb at
Nch   50, where the near-side ridge structure emerges,
is     0.8. In the pp case the near-side ridge structure
unfolds at Nch   100, corresponding to     0.7, very
close to the obtained one for pPb collisions. Notice that,
apart from the normalization constant c, dierent for the
three type of collisions, we ﬁx the parameters  c   1.5
and a   1.5 for all the considered collisions, keeping b
as the only ﬁtting parameter. However, this parameter
is not fully free because its dependence on the nucleus
radius should be similar to 1R.
In Fig. 4 we compare our results on the pseudorapid-
ity width, obtained from equation (11) with the experi-
mental results on Au-Au at
 
s   200 GeV and
 
s  
62 GeV [28]. The value of c is 0.23. NA and NC are
taken from the quoted experimental analysis [41]. It is
observed that our result for
 
s   200 GeV is slightly
larger than the corresponding one at
 
s   62 GeV. Ex-
perimental data are very close at both energies.
The main aim of this paper is not a detailed descrip-
tion of the azimuthal dependence of the near-side ridge.
However, a brief discussion on this in the framework
of percolation of strings is in order. The conventional
understanding of the ridge is simply related to ﬂow har-
monics in a ﬂuid dynamic scenario, where the inclu-
sion of the pp ridge is a challenge. In string percolation,
the initial spatial anisotropy is translated into transverse
Figure 4: (Color online.) Pseudorapidity width of the near-side ridge
for Au-Au collisions at two RHIC energies
 
s   200 GeV and
 
s  
62 GeV [28] plotted as a function of  . Curves obtained from equation
(11) for Au-Au collisions at
 
s   200 GeV (red) and
 
s   62 GeV
(blue).
momentum anisotropy assuming that in the transverse
momentum distribution an azimuthal string density,   ,
instead of the string density  , is introduced:
      
 
R
R 
2
 (13)
where
R   
sin (   )
sin
 sin  
b sin
2RA
 (14)
being b the impact parameter of the collision. R is given
by
R2
4
 
1
2
 
2
0
R2
 
d or R2   R2
 
 (15)
as it can be seen in Fig. 5.
Using equation (13) an analytical expression for the
elliptic ﬂow v2 which properly describes the RHIC and
LHC data for , k and p and the centrality, energy, rapid-
ity and transverse momentum without hydordynamical
evolution is obtained [42, 43, 44].
There are two arguments in support of equation (13).
One single string in the transverse plane is seen as a cir-
cle ﬁlled with colour ﬁeld. The breaking of the string
produces partons, which eventually hadronize, being
emitted from the surface of the circle. Therefore, no
anisotropy is expected. Nevertheless, the shape of a
cluster formed by several overlapping strings is not a
C. Andrés et al. / Nuclear and Particle Physics Proceedings 273–275 (2016) 1513–15181516
Figure 5: Scheme of the reaction plane
circle and consequently anisotropy is produced. This
kind of elliptic ﬂow can be seen as an initial state e ect,
being similar to the anistropy produced by colour ﬁeld
domains proposed in [27].
There is another argument in favour of equation (13).
In the fragmentation of a cluster of strings, the pro-
duce partons lose energy due to the interaction with the
colour ﬁeld of othe clusters. This lost energy has been
computed [45] leading to similar results to the obtained
ones using equation (13). In this case, an agreement
with the trend of the data for for di erent harmonics is
also obtained [46]. Now, elliptic ﬂow is seen as a ﬁnal
state e ect amenable to a hydrodynamic description.
The narrow structure in the azimuthal dependence of
the near-side ridge is determined by the transverse mo-
mentum correlation length, which according to equation
(2) is r0F( )1 2. Hence, the width of the azimuthal angle
is:
ﬀ ﬃ  c2
 
1   e 
 
1 4
 (16)
In the color glass condensate approach, the origin
of the narrow width in azimuth is also the transverse
momentum length, given by 1Qs. In the high den-
sity limit, Qs behaves like  1 2 and consequently ﬀ ﬃ
has the same dependence on centrality and on energy
in both approaches. We can translate the equation (13)
into terms of the gluon saturation momentum,
Q2s  Q
2
s
R
R
(17)
and directly obtain the elliptic ﬂow.
In Fig. 6 experimental data on the azimuthal width
for Au-Au collisions at

s  200 GeV and

s  62
GeV [28] are compared to our model. The values of
Figure 6: (Color online.) Azimuthal width of the near-side ridge for
Au-Au collisions at
 
s   200 GeV and
 
s   62 GeV [28] versus  .
Curves obtained from equation (16) for Au-Au collisions at
 
s   200
GeV (red) and
 
s   62 GeV (blue).
c2 are c2  0.866 for Au-Au at

s  200 GeV and
c2  0890 for Au-Au at

s  62 GeV. The azimuthal
width decreases with increasing energy and centrality in
agreement with the trend of the experimental data. For
both widths a qualitative agreement is obtained.
The dependence of A1, ﬀ  and ﬀ ﬃ on energy and
centrality, resulting from equations (10) and (12), is
very similar to the obtained one in the glasma picture.
In this approach, dNdy and ﬀ  are proportional to
1s(Qs) and ﬀ ﬃ is proportional to 1Qs. Hence, both
dNdy andﬀ  grow with log s and log NA. In the high
density limit, we obtain in percolation the same depen-
dence on s and on NA for both observables. In the case
of ﬀ ﬃ, as 1Qs N1 6A s  2 and r0F( )1 2  r0 1 4 
r0N
1 6
A s
  2.
4. Conclusions
In conclusion, we have shown that percolation of
strings naturally explains the anomalous dependence of
the near-side ridge structure correlation on the multi-
plicity observed in Au-Au collisions at

s  200 GeV
and

s  62 GeV. The onset of the ridge structure in
high multiplicity pp events at

s  7 TeV and in high
multiplicity pPb at

s  5.02 TeV are also explained.
Furthermore, our model qualitatively describes the de-
pendence of the azimuthal and pseudorapidity widths on
multiplicity. Our framework can be regarded as a com-
plementary picture to the glasma in the description of
C. Andrés et al. / Nuclear and Particle Physics Proceedings 273–275 (2016) 1513–1518 1517
the initial state, able to explore the transition from low
to high density.
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